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A microarray method for bacterial species identification based on cpn60 and 16S rDNA hybridization was developed. Specific cpn60 or 16S
rDNA oligonucleotides from various Helicobacter or Campylobacter species were printed and immobilized onto a proprietary plastic solid
support. Using universal primers, fragments derived from either cpn60 or 16S rDNA genes from single isolates or from a complex human waste
sludge DNA sample spiked with Helicobacter pylori were biotinylated and hybridized to the plastic slide. Subsequent querying with a
streptavidin–horseradish peroxidase conjugate followed by color development using tetramethylbenzidine resulted in accurate Helicobacter
species identification with no cross-hybridization to either the 16S rDNA or the cpn60 sequence of a closely related strain of Campylobacter
jejuni. The combination of a nonfluorescence visual detection system with a polymer-based DNA microarray slide has resulted in a molecular tool
that should prove useful in numerous applications requiring rapid, low-cost bacterial species identification.
Crown Copyright D 2005 Published by Elsevier Inc. All rights reserved.Keywords: Helicobacter; Campylobacter; 16S rDNA; Microarray; Systematics; Chaperonin-60The development of DNA microarray technology has
greatly accelerated our understanding of the epigenetic
responses of a living cell to alterations in its external
environment through differential gene expression. A different
application of microarray technology, which has started to see
increasing application in only the past few years, is gene
detection [1] and generally involves taxonomic identification
[2,3], comparative or evolutionary genomics [4–6], and
genotyping of microbial agents [7–9]. Although microarrays
have been useful in microbial identification of single bacterial
isolates, they have proven insufficiently sensitive for species
identification in complex samples, in comparison to other
molecular techniques like PCR [1]. An additional confounding0888-7543/$ - see front matter. Crown Copyright D 2005 Published by Elsevier In
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rDNA is specificity, due to the conserved nature of this gene
[10,11]. Yet another important limitation to the widespread
usage of DNA microarrays is cost, as specialized glass slides,
reagents, and fluorescent slide scanners are prohibitively
expensive for widespread use. Altering array technology to
lower costs significantly would allow a wider adoption of this
approach by clinical laboratories as well as possible on-site
testing for bacterial pathogens or other specific bacterial
species in environmental samples like potable water.
To address these problems, we have developed a rapid
method for specific bacterial species detection using carbodii-
mide-coated plastic slides as a solid support [12] for amicroarray
containing immobilized taxonomic DNA marker probes and a
nonfluorescence visual detection protocol using biotin-labeled
target DNA. To detect and identify strains at the species level,
various housekeeping genes like RNA polymerases, gyrases, or6) 104 – 112
www.elc. All rights reserved.
Fig. 1. Typical hybridization experiments using 16S rDNA or cpn60
biotinylated amplicons. After hybridizing 100 ng of biotinylated (A) 16S
rDNA or (B) cpn60 amplicons, the plastic slides were washed and positively
hybridized spots revealed by HRP-based color development. After drying at
room temperature, the slides were scanned on a desktop scanner. Positive 16S
rDNA or cpn60 spots are marked by an open box. All other spots represent the
positive control oligonucleotide and are used for orientation.
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sequence diversity than 16S can be used. In this study, the
chaperonin-60 (cpn60) gene (also known as groEL and hsp60)
was chosen as it has been demonstrated to provide more
discriminating power than 16S rDNA within genera such as
Streptococcus and Enterococcus and has also proven useful for
identifying organisms in complex microbial communities
[13–15]. Two other positive attributes of cpn60 usage as a
taxonomic marker include: (1) the availability of universal
amplification primers and (2) accessibility, as it forms the second
largest public data bank after 16S. This highly curated database
(cpnDB), recently made available, contains no ambiguous
sequence codes and covers a wide range of taxonomy [16].
Helicobacter species are large, tightly coiled helical rods
known to cause various enteric, hepatic, and biliary disorders,
with many species other thanHelicobacter pylori being difficult
to culture in vitro. Identification of Helicobacter species, and
distinguishing them from their close taxonomic neighbor
Campylobacter, is an arduous undertaking [17,18] and can
often result in misidentification in clinical or veterinary settings
[19]. Of more recent concern, various Helicobacter spp. are
considered to be emerging pathogens having zoonotic potential
[20]. Consequently, identifying clinically relevant Helicobacter
species and their differentiation from the human Campylobacter
pathogens, such as Campylobacter jejuni, assume even greater
importance for a more accurate understanding of the actual
prevalence of pathogenic strains and their proper clinical
management and the role of zoonotic strains in human disease.
Polymerase chain reaction (PCR) and quantitative PCR are
the current methods of choice for detection and identification
of Campylobacter and Helicobacter species [21]. Despite the
high sensitivity of the PCR method based on 16S rRNA gene
sequences, problems in Helicobacter identification can occur
due to rRNA gene sequence variation caused by intervening
sequences, which, depending on the location, can produce
altered fragment sizes or, worse, false negatives [17]. Quan-
titative PCR assays have had some success in identifying H.
hepaticus and H. pylori [22,23].
In this study we present a rapid, accurate, low-cost means
of identifying specific bacterial isolates at the species level,
which may have great potential diagnostic or environmental
applications.
Results
Taxonomic 16S rDNA and cpn60 amplicon hybridization
A typical 16S rDNA and cpn60 hybridization experiment
carried out at 50-C on 50-mer probe chips is shown in Fig. 1.
By using the positive control spots as an orientation grid, two
sets of spots that hybridized with a biotinylated H. pylori 16S
rDNA PCR fragment were detected in the array (Fig. 1A). As
expected, the upper pair of positive spots corresponded to the
H. pylori 16S rDNA probe and the lower pair corresponded to
the general Helicobacter genus 16S rDNA. When the cpn60
amplicon from H. pylori was amplified, biotinylated, and
hybridized to the chip, a strong signal (Fig. 1B) correspondingto the H. pylori cpn60 probe was observed. In both hybridiza-
tions, absolute probe–target specificity was observed as neither
the Campylobacter 16S rDNA probe nor any of the other
printed Helicobacter species cpn60 probes showed any
evidence of cross-hybridization.
Effect of oligonucleotide length on hybridization sensitivity and
specificity
In conventional fluorescent dye-based microarrays, increas-
ing oligonucleotide probe length generally results in stronger
hybridization signals [24] with a corresponding decrease in
hybridization specificity. To ascertain whether the same para-
digm exists with the plastic arrays, 100 ng of biotin-labeled
cpn60 amplicon fromH. winghamensis was hybridized to either
a 50- or a 70-mer plastic chip at various temperatures. As shown
in Fig. 2, after hybridization at 50-C, the 50-mer chip produced a
specific signal for H. winghamensis with no observable cross-
hybridization and with a signal strength comparable to that of the
positive control. At the same temperature, the 70-mer chip
produced a strongerH. winghamensis probe signal relative to the
positive control; however, strong cross-hybridization signals
were observed with H. canadensis and H. pullorum. These
nonspecific signals decreased with increasing hybridization
temperature. Although differences in the probe melting tem-
peratures were small (72-C for the 70-mer versus 69-C for the
50-mer), an increase in hybridization temperature of 10–15-C
was generally required to eliminate cross-hybridization. Since
smaller probes generally result in increased specificity and since
signal intensity was comparable between the 50- and the 70-mer
probes, the 50-mer chipwas used for all subsequent experiments.
Species specificity of array probes
A series of Helicobacter and Campylobacter amplicon (16S
rDNA and cpn60) hybridizations was performed on the 50-mer
Fig. 2. Effect of oligonucleotide probe length on hybridization specificity. The
cpn60 gene fragment from H. winghamensis was amplified from purified
genomic DNA and biotinylated. Approximately 100 ng of the amplicon was
hybridized to either a 50- or a 70-mer chip. The histogram bars represent the
averages of four replicates and are presented as a percentage of the averaged
positive control values. The bars represent hybridized signal obtained from the
cpn60 amplicons of H. winghamensis (black), H. canadensis (striped), and H.
pullorum (white). Error bars represent the standard deviation.
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intensities were variable among the different array probes after
hybridization with various target amplicons at 50-C. When
cpn60 or 16S rDNA signals were normalized to the biotiny-
lated positive control, spot quantification analysis indicated a
complete absence of cross-hybridization to other immobilized
probes with three exceptions: the cpn60 probes from Helico-
bacter sp. strain Mainz, H. acinonychis, and C. hyolei (Fig.
3A). In the first case, it was noted elsewhere that this strain,
initially thought to be a new Helicobacter species [25], is now
believed to be a strain of H. cinaedi based on extensive
molecular and phenotypic data [26,27]. Comparison of the 555-
bp cpn60 fragment sequences from H. cinaedi CCUG19504
and Helicobacter sp. strain Mainz ATCC 51800 indicated that
they are 100% identical, thus supporting the earlier work that
the latter is indeed a junior synonym of H. cinaedi. For H.
acinonychis and C. hyolei, we investigated whether the cpn60
fragments from either strain, each possessing 4 base mis-
matches of 50 to the H. pylori or C. jejuni cpn60 oligonucle-
otide probe, respectively, would cross-hybridize at 50-C. H.
acinonychis is a strain with morphology similar to that of H.
pylori. The 16S rDNA sequences of these two strains are
97.4% identical [28] but, like C. hyolei and C. jejuni, possess
only 94.7% identity between cpn60 PCR fragments (data not
shown). As shown in Fig. 3A, both H. acinonychis and C.
hyolei did cross-hybridize at 50-C to H. pylori or C. jejuni
although at a low level (¨35%). If the hybridization
temperature was elevated to 60-C, similar or slightly reduced
signal intensities were observed with H. pylori or C. jejuni
target amplicons with their respective probes (compared to the
50-C hybridization signals) but any cross-hybridization with H.
acinonychis or C. hyolei was eliminated. Extensive analysis of
the multiple alignment regrouping the Helicobacter sequences
failed to show a better position for the cpn60 probe.
To determine whether both genera could be individually
discriminated on the chip, 16S rDNA amplicons from twoHelicobacter species (H. pylori and H winghamensis) and C.
jejuni were hybridized. As shown in Fig. 3B, both Helico-
bacter species hybridized specifically to the Helicobacter
genus-specific probe with H. pylori also hybridizing to the H.
pylori species-specific probe. Moreover, the C. jejuni 16S
rDNA amplicon hybridized only to the Campylobacter genus-
specific probe.
To assess both the sensitivity and the specificity of the
plastic arrays when using total genomic DNA as target, the
arrays were probed using biotinylated total genomic DNA from
H. winghamensis or C. jejuni. Very weak but specific positive
signals were found for both cpn60 genes on either the 50- or
the 70-mer chip (data not shown). Inexplicably, although
the16S rDNA gene is normally present in multiple copies per
genome, in neither case was a signal for 16S observed,
suggesting that the polymer chips possess insufficient sensi-
tivity to be used with a nonamplification protocol.
Amplicon detection thresholds
Since species identification applications generally involve
amplification from complex microbial backgrounds, strain
detection thresholds were assessed by spiking purified H. pylori
genomic DNA into total DNA extracted from sludge obtained
from a human wastewater treatment plant (Fabreville, QC,
Canada). Hybridization of 100 ng (0.24 fmol) of total cpn60
amplicons produced by universal primers with various Helico-
bacter-spiked DNA mixtures was negative on the array. To
circumvent this problem, all Helicobacter cpn60 amplicon
sequences in this study were aligned and a set of biased
Helicobacter general cpn60 primers was designed (Table 1; F-
and R-Helico). Unspiked total sludge DNA showed extremely
weak positive hybridization signals for H. cinaedi and H.
winghamensis, which remained unchanged even when spiked
DNA was used (data not shown). As shown in Fig. 4, after the
total sludge DNAwas spiked with varying amounts of H. pylori
DNA, positive hybridization signals could be observed for
samples containing as little as 0.01% H. pylori DNA.
Discussion
The advent of molecular methods utilizing DNA sequences
as taxonomic markers, in particular 16S rDNA sequencing,
has revolutionized the field of bacterial systematics and
diagnostics by overcoming the numerous limitations inherent
in phenotypic and biochemical tests [29]. Although 16S
rDNA has been used extensively in bacterial taxonomy, it
remains a highly conserved sequence, thus reducing its
discriminatory capability, particularly in hybridization-type
experiments, among similar sequences generally found among
species within a genus. Other ‘‘housekeeping genes’’ or DNA
regions are more diverse than 16S rDNA (e.g., rpoB, tuf,
gyrB, cpn60, or the 16S–23S internal transcribed spacer
region) and can provide more discriminating power [3,16,30–
32]. One advantage of using the cpn60 target, apart from its
ubiquitous occurrence among bacterial families, is that, like
16S rDNA, a single set of universal primers can be used to
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gene [13–16]. Sequence differences in this polymorphic
region of 20–30% are commonly found among species
within a genus [14,16,32]. Despite its limitations, 16S rDNA
remains useful particularly for genus-specific confirmatory
purposes in hybridization experiments and when combined
with cpn60 in focused arrays.
DNA microarray technology is a powerful method for
differential gene expression analysis or gene detection due toits parallel processing ability. The ability to replace thousands
of taxonomic target gene PCRs for bacterial identification is
invaluable in the study of complex microbial environments.
However, conventional DNA microarrays are labor intensive
and require expensive reagents and fluorescence imaging
equipment. In applications in which the detection and
identification of a specific organism or groups of organisms
are sought (e.g., water-borne pathogens), only one or two
hundred probes may be required. Therefore, in addition to
Fig. 3. Specificity of cpn60 or 16S rDNA amplicon hybridization. After
amplification from purified genomic DNA, 100 ng of either (A) cpn60 or (B)
16S rDNA amplicons was biotinylated and hybridized to the 50-mer array for
1 h at 50-C. Species name and type of printed probe are listed along the x
axis. The black bars represent the average digitized spot intensity of four
replicates and are presented as a percentage of the averaged positive control
values ( y axis). Error bars represent the standard deviation. The white bars
shown in the H. pylori and C. jejuni panels represent the average of two
replicates when hybridized at 60-C and are superimposed on the black bar
representing hybridization at 50-C.
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achieved through DNA hybridizations on a polymer solid
support. Newer chemistries are increasingly available for the
modification of polymer solid supports to immobilize macro-
molecules [12,33,34]. In our study, this was achieved by
immobilizing oligonucleotide probes onto a plastic surface
through a carbodiimide linkage and hybridizing with biotiny-
lated target amplicons. Visual color development was done
using a standard tetramethylbenzidine/peroxidase protocol, and
in combination with the larger sized spots (approximately
threefold larger than conventional fluorescence microarrays),
spot detection can be carried out visually under low-level
magnification or by imaging though a simple desktop
document scanner. The adoption of a nonfluorescence visual
detection methodology results in the greatest cost savings as it
permits the substitution of expensive fluorescence slide
scanners by an inexpensive desktop scanner.
In this study, we chose to apply the plastic chip
technology to the problem of Helicobacter spp. identifica-
tion. Helicobacter species have often been labeled asCampylobacter-like organisms [17–19] and the task of
distinguishing Helicobacter from Campylobacter is compli-
cated by their overall phenotypic and morphologic similar-
ities. Both can be observed as pleiomorphic gram-negative
curved rods depending on growing conditions and their
colony morphologies are also very similar. The usual
battery of biochemical reactions based on fermentation
reactions is not applicable due in part to the growth
conditions these organisms require. There is also an
inability of biochemical tests to identify unambiguously
most Helicobacter and Campylobacter isolates to the
species level. Given the inherent difficulties with the more
classical approaches to bacterial identification, new rapid
molecular methods are needed. Although PCR is widely
employed, a more ‘‘universal’’ molecular method using a
single set of PCR primers to amplify a common bacterial
gene coupled to the parallel processing power of a
microarray such as ours should result in significant time
and cost savings.
Using DNA microarrays for specific bacterial gene detec-
tion in complex communities represents a greater challenge
[35]. We have shown that our array can specifically detect C.
jejuni cpn60 gene sequences after hybridizing with total
genomic DNA; however, considering the large quantity of
DNA required to produce a detectable signal, a nonamplifica-
tion approach to species-specific detection in a complex
background is not feasible. Although using universal cpn60
primers in spiked complex community DNA has worked
successfully with Escherichia coli, Yersinia enterocolytica, and
Salmonella typhimurium [36], it worked poorly when applied
to Helicobacter amplification. This difficulty, presumably due
to the nature of the contaminants (e.g., PCR inhibitors) in the
extracted sludge DNA, was bypassed by making a separate set
of degenerate Helicobacter-biased primers able to amplify all
the Helicobacter species in this study. Although the threshold
sensitivity was determined to be between 0.01 and 0.05% of
total DNA in environmental samples, it remains to be seen
whether specific detection can be obtained from clinical
samples.
In this study, we have developed a rapid, cost-effective
process utilizing a polymer-based DNA microarray to identify
bacterial isolates. Bypassing the requirement for expensive
fluorescence slide scanners and reagents makes this technology
more attractive for general diagnostic use both in the lab and
even, given the current portability of some PCR machines,
directly at environmental sites (e.g., drinking water QC testing
at remote locations).
Materials and methods
Bacterial strains and cpn60 sequencing
Reference bacterial isolates used in this study are listed in Table 2.
Crude preparations of genomic DNA from the reference strains were
prepared from isolated colonies using the Instagene matrix (Bio-Rad)
according to the manufacturer_s instructions. For each strain, 5 Al of
genomic DNA extract (roughly 50 to 150 ng of DNA) was used as
template in a 50-Al PCR containing 20 mM Tris–HCl (pH 8.4), 50 mM
Table 1
Oligonucleotide array probe and PCR primer sequences
Organism or primer name Oligo type Sequencea
Helicobacter pametensis cpn60 CTTATAGCATCTTCAAAGAAGGACTAAGAAATGTCACAGCTGGAGCCAATCCAATCGAAGTCAAGCGCGG
H. canadensis cpn60 AGCAGAAGCTATCACTGAAGAGCTAAAAAAGATTTCAAAACCTGTTTCTGGTAAAAAAGAAATCGCACAA
H. winghamensis cpn60 AGGGCTTAAGAAACATTACAGCGGGTGCAAATCCTGTACAAGTTAAACGC
cpn60 TCTCTGCAAATTCTGATTCCAAAGTTGGTGAGTTAATCGCTGAGGCTATGGAAAAAGTTGGAAAGGATGG
H. cinaedi cpn60 ATGGATAAGGCGGTGGCGGCGATTATTGATGAGCTGAAAAAGATTAGCAA
cpn60 ACAGCTTGAAAATGCCTATGTGCTTTTAACAGATAAAAAAGTCTCAAATATGAAAGAGATTTTGCCTTTG
H. mustelae cpn60 CAAGGGCGAGATCGCACAGGTGGCTACCATTTCTGCAAATTTTGATGAAA
cpn60 GAAATATCACTGCAGGTGCCAATCCCATCGAAGTGAAGCGCGGCATGGACAAGGCAGTGGATGCCATCGT
H. hepaticus cpn60 ATATTGAGGGTGAGGCTTTGACAACATTGGTTGTGAATAAATTGCGTGGAGTGCTTAATGTTTCTGCTGT
H. pylori cpn60 AAGTGGCGACTATTTCTGCAAACTCCGATCACAATATCGGGAAACTCATC
cpn60 CTACCTCTCCCCTTATTTTGTAACGAACGCTGAGAAAATGACCGCTCAATTGGATAACGCTTACATCCTT
H. fennelliae cpn60 GCTTGAAGCGACAATGAAAAGCGGGAAACCACTTTTGATCGTTGCAGAGGATATTGAAGGTGAGGCGCTT
H. pullorum cpn60 AAGCAATTACAGAAGAATTGAAAAAAATCTCTAAGCCTGTTGCTGGCAAA
cpn60 AAAAGAGGTATGGATAAAGCAGCAGAAGCAATTACAGAAGAATTGAAAAAAATCTCTAAGCCTGTTGCTG
H. canis cpn60 GACCGCGGCTACTTAAGCCCATATTTTGTAACCAACGCGGATAAAATGAATATCCAGCTAGAAAACGCAT
H. bilis cpn60 AAAAAGGAAGTAAAAAAGTCGGTGGAAAAGCAGAGATTACGCAAGTAGCA
cpn60 GATATCTAAGTCCTTATTTTGTTACAAATGCGGATAAAATGAGTGCAGAACTTGAGAATCCATATATCCT
H. muridarum cpn60 AAACCCAATTGCAGTAAAAAGAGGCATGGATAAGGCAAGTGCCATAATTATAGAAGAGTTGAAAAATGGC
H. felis cpn60 TAGCATTTTCAAAGAGGGACTACGCAATATCACCGCTGGAGCTAATCCCATTGAAGTCAAACGCGGTATG
Campylobacter jejuni
subsp. jejuni
cpn60 GCGGTATGGATAAAGCTTGCGAAGCTATAGTAGCAGAACTTAAAAAACTTTCTCGCGAAGTAAAAGATAA
C. jejuni subsp. jejuni 16S GTTGGAAACGACTGCTAATACTCTATACTCCTGCTTAACACAAGTTGAGTAGGGAAAGTTTTTCGGTGTA
Helicobacter 16S TATGACGGGTATCCGGCCTGAGAGGGTGAACGGACACACTGGAACTGAGA
H. pylori 16S GTTTGGGATAGCCATTGGAAACGATGATTAATACCAGATACTCCCTACGGGGGAAAGATTTATCGCTAAG
Arabidopsis thaliana csG4b AGAGTGTTAGAACAACAACATCTGGCGTAAGAGTGCCAAACAATGCTTGGCCAGCCCACCATGGCAAACT
PC (positive control) Random ATAGTAGCCGTAGGTGCATCGGATCCCGTATAGATCGATCGACTATCGCG
H279c cpn60 GAIIIIGCIGGIGAYGGIACIACIAC
H280 cpn60 YKIYKITCICCRAAICCIGGIGCYTT
H729 cpn60 CGCCAGGGTTTTCCCAGTCACGACGAIIIIGCIGGIGAYGGIACIACIAC
H730 cpn60 AGCGGATAACAATTTCACACAGGAYKIYKITCICCRAAICCIGGIGCYTT
F-Helico cpn60 GYATTTWAYARGARGG
R-Helico cpn60 CKRTCAAAYTGCAT
F1 16S GAGTTTGATCCTGGCTCAG
R2 16S GWATTACCGCGGCKGCTG
a 50-mer sequence is presented in bold if it is contained within the 70-mer sequence or placed separately above if not, except for H. pullorum, whose 50-mer
overlaps the 70-mer.
b csG4, chlorophyll synthase gene.
c I, inosine; Y, C or T; K, G or T; W, A or T; R, A or G.
Fig. 4. Amplicon detection thresholds. Purified H. pylori total genomic DNA
was spiked into DNA extracted from sludge obtained from a human wastewater
treatment plant. Varying amounts of H. pylori DNA were mixed with sludge
DNA to a final weight of 100 ng total DNA. The 100-ng mixtures were then
subjected to cpn60 amplification, labeling, and hybridization. Error bars
represent the standard deviation.
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(Invitrogen), and 20 pmol each of primers H729 and H730, which include
priming sites for sequencing primers M13(40)F and M13(48)R (underlined
in Table 1). Reactions were incubated at 95-C for 2 min followed by 40
cycles of 30 s at 95-C, 30 s at 46-C, and 30 s at 72-C and a final
extension at 72-C for 2 min. Reactions were performed in a Bio-Rad
iCycler. PCR products were agarose gel-purified and sequenced using
sequencing primers M13(40)F and M13(48)R.
Target PCR amplification from genomic DNA
To generate 16S rDNA and cpn60 amplicons, 100 ng of either crude
genomic DNA or complex community DNA was used as a PCR template.
Universal primer sets F1/R2 and H279/H280 (Table 1) were used to
amplify 16S rDNA and cpn60 gene fragments from complex community
DNA, respectively. Primers F- and R-Helico were used to amplify cpn60
sequence from Helicobacter DNA preparations. The PCR mixture included
5 Al of 10 PCR buffer (100 mM Tris–HCl, pH 9.0, 15 mM MgCl2, and
500 mM KCl), 0.5 Al of 20 mM dNTPs, 1 Al of each 16S rDNA primer
(2.5 Al of 10 pmol/Al) or 4 Al of each cpn60 primer (stock concentration
25 AM) or 10 Al each of the F- and R-Helico primers (stock concentration
10 pmol/Al), 0.5 Al (2.5 units) of Taq DNA polymerase (Amersham
Biosciences), and sterile distilled water added to a 50-Al final volume. For
cpn60 amplification, 1 Al of 100 mM MgCl2 solution was also added to
the master mixture.The annealing temperatures used during amplification were 50-C for
16S rDNA primers F1/R2, 58-C for cpn60 primers H279/H280, and 48-C
for the F- and R-Helico primers. Amplifications were performed in a
Table 2
Bacterial species used in the current study and GenBank accession numbers for
cpn60 sequences
Organism Strain Accession No. Notes
Helicobacter pametensis ATCC 51478T AY787945
H. canadensis LCDC 16143 AY787946
H. winghamensis NLEP97-1090 AY787940
H. cinaedi CCUG 19504 AY787941
H. mustelae ATCC 43772T AY787942
H. hepaticus ATCC 51448T AY787943
H. pylori ATCC 43504T AY787944
H. fennelliae ATCC 35684T AY787947
H. pullorum ATCC 81864 AY787948
H. canis ATCC 51401T AY787949
H. bilis ATCC 51632 AY787950
H. muridarum ATCC 49282T AY787951
H. felis ATCC 51211 AY787952
H. sp. strain Mainz ATCC 51800 AY789008 Strain of
H. cinaedi
H. acinonychis ATCC 51101T AY789011
Campylobacter
jejuni subsp.
jejuni
NCTC 11168 AY789009
C. hyolei ATCC 51729T AY789012 Strain of
C. coli
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scheme: 3 min at 94-C; 35 cycles of 30 s at 94-C, 30 s at annealing
temperature, 45 s at 72-C; final extension of 7 min at 72-C. The lengths of
the amplicons generated were 528 bp for 16S rDNA and 555 bp for cpn60.
Successful amplification was verified by examining an aliquot (5 Al) of
each amplification reaction by agarose gel electrophoresis in 1.5% (w/v)
agarose. Amplicons were purified using a QIAquick PCR purification kit
(Qiagen, Inc., Ontario, Canada) according to the manufacturer_s instructions
before labeling.
Oligonucleotide synthesis and microarray fabrication
A positive control (PC) oligonucleotide (Table 1), modified with 5V-biotin
was synthesized on an ABI 3900 DNA synthesizer at a 0.2 Amol scale using theFig. 5. Printed microarray key. A schematic representation of an expanded view of th
spots were printed in an inverted L shape on the left side of the array. All cpn60
duplicate spots with a list of the probes shown to the right of the array. The printing k
specific probe was not printed on the 70-mer chip.standard phosphoramidite method. The modified oligonucleotide was purified
by reverse-phase HPLC using a standard procedure and dried in vacuo. This
50-mer oligonucleotide is a random sequence that is not predicted to hybridize
with any sequence in GenBank as confirmed by BLAST analysis. Unmodified
oligonucleotides were also synthesized on an ABI 3900 DNA synthesizer at a
0.2 Amol scale using standard procedures. The unmodified oligonucleotides
were then purified on a reverse-phase cartridge following a standard procedure
and dried in vacuo.
Biotinylated and unmodified oligonucleotides were printed onto CarboSta-
tion plastic slides (Nisshinbo Industries, Inc., Chiba, Japan) according to the
manufacturer_s instructions [12]. In brief, unmodified oligonucleotides were
dissolved in an aqueous solution at 10 pmol/Al concentration (biotinylated
positive control oligonucleotide at 1 pmol/Al concentration) and spotted in
duplicate (¨250-Am spot diameter and a spot-to-spot distance of 600 Am) using
a customized DNA microarray robot. The printing key is shown in Fig. 5 and
was the same whether 50- or 70-mer oligonucleotide probes were printed,
except for the general Helicobacter 16S rDNA probe, which is present only on
the 50-mer chip. After printing, the arrays were UV-irradiated using a UV
Stratalinker 2400 (Stratagene, La Jolla, CA, USA), treated with a blocking
buffer (3% BSA, 0.2 M NaCl, 0.1 M Tris–HCl (pH 7.5), and 0.05% Triton X-
100), washed with TE buffer (pH 7.2) for 5 min, and dried before storage.
DNA labeling and hybridization
Purified amplicons (1 Ag of each) were chemically labeled with a Mirus
Biotin Label IT nucleic acid labeling kit (Mirus, Madison, WI, USA) according
to the manufacturer_s instructions. Reactions were incubated for 3 h at 37-C
after which unreacted reagents were removed using a QIAquick PCR
purification kit (Qiagen, Inc.) and the labeled amplicons stored at 4-C in 1
mM Tris–HCl, pH 8.5. The exact same procedure used with amplicons was
carried out when labeling genomic DNA; however, since more total DNA was
required, 2 Ag of genomic DNA was biotinylated per reaction and pooled as
required.
Prior to hybridization, purified labeled amplicons (100 ng) were dried in a
Speedvac (Savant, Model SVC200H), resuspended in 8 Al of prewarmed DIG
Easy Hyb buffer, and combined with 1 Al (10 mg/ml) of salmon sperm DNA.
DIG Easy Hyb buffer contains sufficient urea to mimic a 50% formamide
buffer and thus a lower hybridization temperature (¨42-C) can be utilized to
achieve stringency equivalent to that of a nonformamide buffer. Target DNA
was chemically denatured and neutralized as described by the manufacturer
(Mirus Biotin Label IT nucleic acid labeling kit). Slides were hybridized withe array printed on the plastic slide is shown. Seven biotinylated positive-control
or 16S rDNA oligonucleotide (50- or 70-mer) probes were printed as 250-Am
ey is identical for both oligonucleotide sizes except that the Helicobacter genus-
L. Masson et al. / Genomics 87 (2006) 104–112 111the biotinylated amplicons under 11  22-mm glass coverslips for 1 h in a 50-
ml plastic Falcon tube with a damp cotton ball at 37-C. During the
hybridization, the streptavidin–HRP solution was freshly prepared by adding,
in a 1.8-ml tube, 16 Al of streptavidin solution [1.1 Al streptavidin (Vector
Laboratories, Burlington, ON, Canada), 3.2 Al 10 phosphate-buffered saline
(PBS), 6.4 Al 10% (w/v) bovine serum albumin (BSA), and 21.3 Al distilled
H2O], 16 Al biotin–horseradish peroxidase (b-HRP) solution [1 Al b-HRP
(Vector Laboratories), 20 Al 10 PBS, 40 Al 10% (w/v) BSA, and 139
Al distilled H2O], and 1 ml Tris-buffered saline Tween 20 (TBST).
After hybridization, coverslips were removed in 0.05 sodium chloride
sodium citrate (SSC) solution (7.5 mM NaCl, 0.75 mM trisodium citrate, pH
7.0) and the slide was washed in 0.05 SSC for 5 min at 25-C. The slide was
then removed and placed in a petri dish with 1 ml of streptavidin solution for 30
min, followed by washing in TBST for 5 min at 25-C. Color development was
performed using a tetramethylbenzidine (TMB) peroxidase substrate kit (Vector
Laboratories) according to the manufacturer_s procedure. Briefly, the slide was
placed in a petri dish for a second 5-min incubation at 25-C using 1 ml of the
prepared color development buffer (16 Al of buffer, 16 Al of TMB, 16 Al of
stabilizer, and 16 Al of H2O2) followed by a final washing step in distilled
water. All hybridizations were done in duplicate.
Imaging and spot quantitation
Images were digitized using a desktop scanner and the resulting files saved
in TIFF format. Color spots were analyzed using Scion Image public domain
software available from www.scioncorp.com, using streak removal followed by
particle counting of circular areas positioned to encircle positive controls,
negative controls, and sample spots. Negative control spot intensities were
subtracted from positive controls and sample spot intensities. The resulting
intensities were normalized so that the average intensity of positive controls
was set at 100% on each array.
Acknowledgments
The authors thank Jennifer Town and Gabrielle Prefontaine
for their excellent technical assistance.
References
[1] J. Letowski, R. Brousseau, L. Masson, DNA microarray applications in
environmental microbiology, Anal. Lett. 36 (2003) 3165–3184.
[2] D. Volokhov, A. Rasooly, K. Chumakov, V. Chizhikov, Identification of
Listeria species by microarray-based assay, J. Clin. Microbiol. 40 (2002)
4720–4728.
[3] K. Kakinuma, M. Fukushima, R. Kawaguchi, Detection and identification
of Escherichia coli, Shigella, and Salmonella by microarrays using the
gyrB gene, Biotechnol. Bioeng. 83 (2003) 721–728.
[4] S. Porwollik, et al., Characterization of Salmonella enterica subspe-
cies I genovars by use of microarrays, J. Bacteriol. 186 (2004)
5883–5898.
[5] S. Fukiya, H. Mizoguchi, T. Tobe, H. Mori, Extensive genomic
diversity in pathogenic Escherichia coli and Shigella strains revealed
by comparative genomic hybridization microarray, J. Bacteriol. 186
(2004) 3911–3921.
[6] S.J. Hinchliffe, et al., Application of DNA microarrays to study the
evolutionary genomics of Yersinia pestis and Yersinia pseudotuberculosis,
Genome Res. 13 (2003) 2018–2029.
[7] S. Bekal, et al., Rapid identification of Escherichia coli pathotypes by
virulence gene detection with DNA microarrays, J. Clin. Microbiol. 41
(2003) 2113–2125.
[8] N. Sergeev, D. Volokhov, V. Chizhikov, A. Rasooly, Simultaneous
analysis of multiple staphylococcal enterotoxin genes by an oligonucle-
otide microarray assay, J. Clin. Microbiol. 42 (2004) 2134–2143.
[9] C. Zhang, et al., Genome diversification in phylogenetic lineages I and II
of Listeria monocytogenes: identification of segments unique to lineage II
populations, J. Bacteriol. 185 (2003) 5573–5584.[10] A. Loy, et al., Oligonucleotide microarray for 16S rRNA gene-
based detection of all recognized lineages of sulfate-reducing
prokaryotes in the environment, Appl. Environ. Microbiol. 68 (2002)
5064–5081.
[11] K.H. Wilson, et al., High-density microarray of small-subunit
ribosomal DNA probes, Appl. Environ. Microbiol. 68 (2002)
2535–2541.
[12] N. Kimura, et al., Methylation profiles of genes utilizing newly developed
CpG island methylation microarray on colorectal cancer patients, Nucleic
Acids Res. 33 (2005) e46.
[13] S.H. Goh, et al., Streptococcus iniae, a human and animal pathogen:
specific identification by the chaperonin 60 gene identification method,
J. Clin. Microbiol. 36 (1998) 2164–2166.
[14] S.H. Goh, et al., Identification of Enterococcus species and phenotypically
similar Lactococcus and Vagococcus species by reverse checkerboard
hybridization to chaperonin 60 gene sequences, J. Clin. Microbiol. 38
(2000) 3953–3959.
[15] J.E. Hill, et al., Extensive profiling of a complex microbial community
by high-throughput sequencing, Appl. Environ. Microbiol. 68 (2002)
3055–3066.
[16] J.E. Hill, S.L. Penny, K.G. Crowell, S.H. Goh, S.M. Hemmingsen,
cpnDB: a chaperonin sequence database, Genome Res. 14 (2004)
1669–1675.
[17] S.L.W. On, Taxonomy of Campylobacter, Arcobacter, Helicobacter and
related bacteria: current status, future prospects and immediate concerns,
J. Appl. Microbiol. 90 (2001) 1S–15S.
[18] H.I. Atabay, J.E. Corry, S.L. On, Identification of unusual Campylobac-
ter-like isolates from poultry products as Helicobacter pullorum, J. Appl.
Microbiol. 84 (1998) 1017–1024.
[19] S.L.W. On, Identification methods for Camplyobacters, Helicobacters and
related organisms, Microbiol. Rev. 9 (1996) 405–422.
[20] J. Waldenstrom, et al., Avian reservoirs and zoonotic potential of the
emerging human pathogen Helicobacter canadensis, Appl. Environ.
Microbiol. 69 (2003) 7523–7526.
[21] A. Ruzsovics, B. Molnar, Z. Tulassay, Deoxyribonucleic acid-based
diagnostic techniques to detect Helicobacter pylori, Aliment. Pharmacol.
Ther. 19 (2004) 1137–1146.
[22] Z. Ge, D.A. White, M.T. Whary, J.G. Fox, Fluorogenic PCR-based
quantitative detection of a murine pathogen, Helicobacter hepaticus,
J. Clin. Microbiol. 39 (2001) 2598–2602.
[23] Q. He, J.P. Wang, M. Osato, L.B. Lachman, Real-time quantitative
PCR for detection of Helicobacter pylori, J. Clin. Microbiol. 40
(2002) 3720–3728.
[24] J. Letowski, R. Brousseau, L. Masson, Designing better probes: effect
of probe size, mismatch position and number on hybridization in
DNA oligonucleotide microarrays, J. Microbiol. Methods 57 (2004)
269–278.
[25] M. Husmann, et al., Helicobacter sp. strain Mainz isolated from an
AIDS patient with septic arthritis: case report and nonradioactive
analysis of 16S rRNA sequence, J. Clin. Microbiol. 32 (1994)
3037–3039.
[26] P. Vandamme, C.S. Harrington, K. Jalava, S.L. On, Misidentifying
helicobacters: the Helicobacter cinaedi example, J. Clin. Microbiol. 38
(2000) 2261–2266.
[27] S.L.W. On, International Committee on Systematics of Prokaryotes
Subcommittee on the Taxonomy of Campylobacter and Related Bacteria:
minutes of the meetings, 2 and 4 September 2001, Int. J. Syst. Evol.
Microbiol. 52 (2002) 2339–2341.
[28] K.A. Eaton, et al., Helicobacter acinonyx sp. nov., isolated from cheetahs
with gastritis, Int. J. Syst. Bacteriol. 43 (1993) 99–106.
[29] C.R. Woese, O. Kandler, M.L. Wheelis, Towards a natural system of
organisms: proposal for the domains Archaea, Bacteria, and Eucarya,
Proc. Natl. Acad. Sci. USA 87 (1990) 4576–4579.
[30] A.M. Cladera, A. Bennasar, M. Barcelo, J. Lalucat, E. Garcia-Valdes,
Comparative genetic diversity of Pseudomonas stutzeri genomovars,
clonal structure, and phylogeny of the species, J. Bacteriol. 186 (2004)
5239–5248.
[31] K. Watanabe, J. Nelson, S. Harayama, H. Kasai, ICB database: the gyrB
L. Masson et al. / Genomics 87 (2006) 104–112112database for identification and classification of bacteria, Nucleic Acids
Res. 29 (2001) 344–345.
[32] R. Brousseau, et al., Streptococcus suis serotypes characterized by
analysis of chaperonin 60 gene sequences, Appl. Environ. Microbiol. 67
(2001) 4828–4833.
[33] F. Fixe, M. Dufva, P. Telleman, C.B. Christensen, Functionalization of
poly(methyl methacrylate) (PMMA) as a substrate for DNA microarrays,
Nucleic Acids Res. 32 (2004) e9.
[34] N. Pradip, N.M. Wali, R.P. Gandhim, Light-induced activation of an inertsurface for covalent immobilization of a protein ligand, Anal. Biochem.
294 (2001) 148–153.
[35] L. Wu, et al., Development and evaluation of functional gene arrays for
detection of selected genes in the environment, Appl. Environ. Microbiol.
67 (2001) 5780–5790.
[36] C. Maynard, F. Berthiaume, K. Lemarchand, J. Harel, P. Payment, P.
Bayardelle, L. Masson, R. Brousseau, Water-borne pathogen detec-
tion using oligonucleotide-based microarrays, Appl. Env. Microbiol.
in press.
